We investigated acclimation responses of seedlings and saplings of the pioneer species Cecropia schreberiana Miq. and three non-pioneer species, Dacryodes excelsa Vahl, Prestoea acuminata (Willdenow) H.E. Moore var. montana (Graham) Henderson and Galeano, and Sloanea berteriana Choisy ex DC, following a hurricane disturbance in a lower montane wet forest in Puerto Rico. Measurements were made, shortly after passage of the hurricane, on leaves expanded before the hurricane (pre-hurricane leaves) and, at a later time, on recently matured leaves that developed after the hurricane (post-hurricane leaves) from both seedlings and saplings at sites that were severely damaged by the hurricane (disturbed sites) and at sites with little disturbance (undisturbed sites).
Introduction
Caribbean forests are subject to periodic hurricane disturbances ) that affect individual plant growth and survival, community structures and ecosystem processes Scatena 1996, Zimmerman et al. 1996) . Sudden mortality of trees and removal of canopy biomass caused by hurricanes can substantially increase light availability and temperature on the forest floor, while adding large amounts of nutrients through fine litter inputs Fetcher 1991, Silver et al. 1996) . Hurricanes create a heterogeneous environment because of the uneven spatial pattern of damage that they cause and the uneven rate of vegetation recovery from hurricane damage (Fernandez and Fetcher 1991 , Zimmerman et al. 1994 , Lugo and Scatena 1996 . The species composition and structure of hurricane-damaged forests largely depends on the responses of species present to spatial and temporal resource gradients that exist during the period of recovery (Walker 1991 , Walker et al. 2003 . In particular, differences in the capacity of species to exploit the increase in irradiance that results from hurricane damage are important in determining the relative success of different species in the post-hurricane environment.
Physiological mechanisms of light acclimation and adaptation have been extensively studied in relation to differences among species in their light requirement for regeneration (Chazdon et al. 1996) . Species differences in light response reflect a tradeoff between traits for rapid growth in high light (high photosynthetic capacity, high leaf turnover, high carbon allocation to stem elongation, low wood density and high hydraulic conductivity) and traits for survival in low light (high carbon allocation to chemical defenses, durable leaf and wood tissue, efficient light absorption and low respiration costs) (Fetcher et al. 1994 , Kitajima 1994 , Chazdon et al. 1996 , Tyree et al. 1998 , Poorter et al. 2003 , Kurokawa et al. 2004 , Shimizu et al. 2005 . At the leaf level, photosynthetic acclimation to light is regulated by leaf anatomy (leaf thickness and mass, mesophyll cell surface area and conductance), stomatal conductance and leaf biochemistry (carboxylation enzymes, electron transport carriers) (Boardman 1977 , Givnish 1988 . Changes in area-based, light-saturated photosynthetic rate during acclimation are caused mainly by changes in leaf anatomy, with the changes generally being greater in light-demanding species (Riddoch et al. 1991 , Fetcher et al. 1994 . However, there is evidence that species also differ in their capacity to shift nitrogen (N) allocation to increase carboxylation and electron transport capacity (Thompson et al. 1992, Chazdon and Kaufmann 1993) . The relatively small range in photosynthetic light response of primary forest species may be linked to their conservative strategy of resource utilization, i.e., allocation that favors long-term survival limits resource allocation that favors productivity. Alternatively, the photosynthetic capacity of primary species may be restricted by stomatal limitation, because their durable woody tissues have low hydraulic conductivity (Tyree et al. 1998 , Santiago et al. 2004 .
Few studies have directly evaluated the effects of species differences in leaf biochemistry on the regulation of photosynthesis in tropical rain forest plants. From studies of the relationship between mass-based, light-saturated photosynthetic rate and photosynthetic nitrogen-use efficiency (PNUE), it has been inferred that photosynthetic capacity is primarily controlled by leaf N allocation and photosynthetic enzymes (Chazdon 1992, Chazdon and Kaufmann 1993) ; however, a role of stomatal limitation in regulating photosynthesis has not been ruled out. Furthermore, mass-based measures underestimate photosynthetic capacity because they take no account of the dilution of tissue N due to the accumulation of structural and non-structural leaf carbon during exposure to high light (Niinemets 1997) . In contrast, maximum carboxylation rate (V cmax ) and light-saturated electron transport rate (J max ) measure photosynthetic capacity independent of stomatal limitation and reflect the amount and efficiency of enzymes (or other proteins) involved in photosynthetic energy conversion and carbon fixation Farquhar 1981, Evans 1989) . Increases in carboxylation and electron transport capacity during light acclimation have been linked to increased N allocation to photosynthetic enzymes and enhanced Rubisco activity (Seemann 1989) . Some evidence suggests that pioneer species have a greater capacity to shift N allocation to increase carboxylation and electron transport capacity than non-pioneer species (Riddoch et al. 1991 , Thompson et al. 1992 .
Previous studies of the physiological differences underlying sun and shade adaptation focused on the seedling stage (Fetcher et al. 1994 , Yamashita et al. 2002 . In tropical rain forests, irradiance increases from the forest floor to the canopy, as do temperature and humidity (Fetcher et al. 1985 , 1994 , Montgomery and Chazdon 2001 , Montgomery 2004 . Canopy species, which establish in the understory and reach the canopy as adult trees, may develop both long-term (adaptation, ontogeny) and short-term (acclimation) responses to the light gradient. Leaves of canopy trees are thicker and have a greater leaf mass per area (LMA), and higher area-based photosynthetic capacity (Pearcy 1987 , Fetcher et al. 1994 , Koniger et al. 1995 , Rijkers et al. 2000 , Wen 2001 , Thomas and Winner 2002 . Wen (2001) attributed a large fraction of the observed differences in area-based light-saturated photosynthetic rates among three tropical canopy species to the ontogenetic regulation of leaf traits. Studies of other forest types have shown that patterns of leaf ontogenesis often reflect habitat differences and complex integrations of acclimation to multiple environmental factors (light, water availability, salinity) (Donovan and Ehleringer 1991 , Farnsworth and Ellison 1996 , Cavender-Bares and Bazzaz 2000 , Mediavilla and Escudero 2003 .
Differences in the forest understory light environment between the seedling and sapling stages are small (Montgomery 2004) . Nevertheless, ontogenetic changes have been observed in microsite occupancy, leaf area ratio and growth rate of juvenile plants of canopy species as they grow through the canopy (Clark and Clark 1992 , Lusk 2002 . The growth of tropical tree seedlings is highly sensitive to light availability, and species differ in growth response to small changes in irradiance under the closed tropical rain forest (Montgomery and Chazdon 2002) . Relatively little is known, however, about how seedlings differ from saplings in leaf traits and in their acclimation to variation in the light environment.
We investigated the effects of large-scale disturbance by Hurricane Georges, which passed through the Caribbean in 1998, on leaf morphology and physiology of four tropical rain forest species. Because irradiance was the resource that changed most dramatically and is most limiting in the understory of humid tropical rain forests (Chazdon et al. 1996) , we compared the responses of seedlings and saplings of one pioneer and three non-pioneer species to increased irradiance following the hurricane disturbance. The study species are dominant canopy species in the forest of Luquillo Mountains in Puerto Rico. We tested four hypotheses. (1) Species with different life histories respond differently to the increase in irradiance following hurricane disturbance (Valladares et al. 2000) , with seedlings and saplings of pioneer species exhibiting greater plasticity in leaf morphological and biochemical characteristics. (2) Acclimation responses occur in leaves formed both before and after hurricane disturbance (pre-and post-hurricane leaves), with greater acclimation in post-hurricane leaves. (3) Physiological plasticity is mediated through ontogenetic regulation, with saplings having a greater capacity to acclimate than seedlings. (4) Non-pioneer species are capable of greater ontogenetic adaptations in physiological traits than pioneer species, the difference depending on the environmental variation normally encountered across the developmental stages.
Materials and methods

Study area and species selection
The study site is located at the El Verde Field Station in a subtropical wet forest in the Luquillo Experimental Forest (LEF), Puerto Rico (18°20′ N, 65°49′ W, 350 m a.s.l.). The LEF is dominated by tabonuco trees (Dacryodes excelsa Vahl) and is often called a tabonuco forest. The climate is characterized by relatively low seasonal variations in temperature and rainfall. Mean monthly temperature ranges from 21 to 25°C, and mean annual rainfall is 3456 mm (Brown et al. 1983) . Forests in the LEF experience periodic hurricanes with a return time of about 60 years (Scatena and Larsen 1991) . On September 21, 1998, a Category 3 hurricane (Hurricane Georges) on the Saffir-Simpson Scale traversed the island of Puerto Rico from east to west with maximum sustained wind speeds of 177 km h -1 . In many locations in the LEF, canopy trees suffered severe defoliation and damage.
The four species selected for study are the most common tree species in the LEF. Cecropia schreberiana Miq. (Moraceae) is a pioneer species that often regenerates in the gaps at disturbed areas or along the roads and streams. The seeds are small and abundant in soil banks (Brokaw 1998) . Cecropia schreberiana is the only representative in the LEF of the neotropical genera-Ochroma, Heliocarpus, Trema, Cecropia-which are generally considered to be short-lived pioneers (Rozendaal et al. 2006) . The other three species selected are non-pioneer species (Smith 1970 , Lugo and Wadsworth 2000 , Weaver 2000 . Dacryodes excelsa Vahl (Burseraceae) and Sloanea berteriana Choisy ex DC (Elaeocarpaceae) are dicotyledons whose juveniles can survive at undisturbed forest sites Wadsworth 2000, Weaver 2000) . Prestoea acuminata (Willdenow) H.E. Moore var. montana (Graham) Henderson and Galeano (Palmaceae), previously known as P. montana (R. Graham) Nichols (Henderson and Galeano 1996) , is a monocotyledonous species with wide distribution in the LEF. This species shares some characteristics of both pioneer and late-successional species . In tabonuco forests at low elevation, P. acuminata var. montana shows adaptation to mature forests. The juveniles can persist and grow slowly in the forest understory. In palm forests at higher elevation, P. acuminata var. montana often occurs in early successional environments, where it grows rapidly.
Experimental design and data collection
Observations were made on trees in their natural habitats. We selected several sites with severe damage and several relatively undisturbed sites along a trail on the same gentle slope. Six or more seedlings and saplings of each species were selected at both disturbed and relatively undisturbed sites. Visible differences in leaf morphology, complexity of branching and crown structures were apparent between seedlings and saplings. Trees were considered seedlings if they were less than 30 cm in height, had 1-2 leaf units (a pair of leaves for S. berteriana, an individual leaf for the other species), and leaves were noticeably thinner and smaller than those of saplings. Prestoea acuminata var. montana trees were classified as seedlings if they also had only bifid single leaves, and D. excelsa trees were classified as seedlings if they also had seeds still attached to the root-stem junctions. Trees were considered saplings if they were 1-2.5 m in height. Prestoea acuminata var. montana trees were classified as saplings if they had only compound leaves and trees of the other species were classified as saplings if they had a well established crown with many shoots or branches. Only trees without evident mechanical damage were sampled.
Gas exchange measurements
We measured gas exchange of pre-hurricane leaves shortly after passage of the hurricane, whereas gas exchange of posthurricane leaves was measured after the leaves that developed after the disturbance had matured. Gas exchange was measured in situ in recently matured healthy leaves with a portable photosynthesis system (LI-6400, Li-Cor). Light response curves for both pre-and post-hurricane leaves were made by setting air CO 2 concentration at 370 ppm and maintaining near ambient air temperature (T a = 28°C) and relative humidity (RH = 70%). Before measurement, leaves were enclosed in the leaf chamber with saturating light from a red-blue light source (500-1000 µmol m -2 s -1 ) to permit full induction and acclimatization to chamber conditions (Li-Cor LI-6400-02B LED). Measurements were made after photosynthesis reached a steady state. Irradiance was reduced stepwise in about 10 steps to generate the light response curves. We fitted light curves with an exponential equation (Kuppers and Schulze 1985) :
where A max is light-saturated photosynthetic rate, Q is photosynthetic photon flux and Q c is Q at light compensation. The initial slopes of the light-response curves (IS) and light compensation points (LCP) were obtained by linear regression of the measurements made at Q < 50 µmol m -2 s -1 . Stomatal conductance in saturated light (g s ) and dark respiration rate (R d ) were measured directly. Curves of assimilation rate (A) versus internal CO 2 concentration (C i ) were obtained only for post-hurricane leaves and at saturating irradiances (1000-2000 µmol m -2 s -1 ), and near ambient T a (around 28°C) and RH (about 70%). Air CO 2 concentrations were reduced from 1000 to 0 ppm in about 10 steps to obtain the A-C i curves. We analyzed the A-C i curves by the "Mechanistic A-C i Curve Analysis" procedure in Phytosyn Assistant v.1.1 software (Parsons and Ogston, Dundee Scientific, U.K.) to obtain V cmax and J max based on the model of Farquhar et al. (1980) as modified by von Caemmerer and Farquhar (1981) and Harley and Sharkey (1991) . Light and temperature were set to the values at which the A-C i curves were obtained (Q = 1000-2000 µmol m -2 s -1 and T a ≅ 28°C).
Quantifying the light environments
The light environment of each studied tree was quantified from fish-eye photographs taken above the tree in the early morning or late afternoon when there was no direct sunlight.
Negatives of the photographs were digitized by a SprintScan 35-Plus scanner (Polaroid). We analyzed the digitized photographs with HemiView Canopy Analysis software (Delta-T devices). We estimated direct, indirect and global site factors, which are the proportions of direct, indirect and global solar radiation reaching a given position relative to amounts received at an open location. The amount of light received by each tree and light transmittance were calibrated against results measured by GaAsP photodiodes (Model G1118, Hammamatsu). The GaAsP photodiodes were calibrated with a Li-Cor LI-190 quantum sensor at several solar irradiances achieved by neutral shading. We obtained two linear equations from the calibration: for the amount of light received by a tree, y = 29.706x -1.0774 (r 2 = 0.96, y = daily Q (mol m -2 day -1 ), x = global site factor (fraction)); for transmittance, y = 0.8183x -0.0283 (r 2 = 0.96, y = transmittance (fraction), x = global site factor (fraction)).
Leaf mass per area and leaf nitrogen measurements
Leaves measured for gas exchange were harvested and analyzed for leaf morphology and N concentration. We measured leaf area with a Li-Cor LI-3100 leaf area meter and determined the mass after drying for at least 10 h at 65°C to obtain LMA. Dried leaf samples were ground to 20 mesh (0.85 mm) and leaf N and carbon were determined with a CHN analyzer (LECO CNS-2000) in the laboratory of the International Institute of Tropical Forestry, USDA Forest Service in Puerto Rico.
Statistical analysis
When necessary, data were log 10 or square root transformed. For all tests, the criterion of significance was P < 0.05. The effects of species, developmental stage and light environment on physiological and morphological parameters were evaluated by analysis of variance (ANOVA). Differences among species were evaluated by three-way ANOVA. If the ANOVA indicated significant differences between species, we performed ad-hoc multiple comparisons with Tukey's HSD test. Because we were interested mainly in the light response and ontogeny of individual species, two-way ANOVAs were applied to detect effects of light environment and growth stage for each species-an approach that may increase detection of significant effects of light and stage (Ott 1993) . If the ANOVA indicated a significant effect of the light × stage interaction, we performed a Tukey HSD test to evaluate the actual differences between the categories of light and stage combination. Relationships between A max and other factors were investigated by regression analysis.
To quantify the relative effects of environment and ontogeny on photosynthetic adjustment, we partitioned the total variance in A max of the juvenile trees into two components: environmentally induced change (EIC) and ontogenetic difference (OC). We performed a two-way ANOVA for the effects of light and developmental stage for each species (the interaction term was not separated out). The mean square values for the effects of light (MS l ) and stage (MS s ) were taken as the components of variance accounted for by the effects of light and developmental stage, respectively. The fractions of the total variance that were explained by the light effect (EIC) and stage (OC) were obtained by dividing MS l and MS s by the total mean square.
Results
Light environment
In the relatively undisturbed sites, trees received a mean Q of 1.42 ± 0.06 mol m -2 day -1 , which was 4.1 ± 0.2% of full sunlight and close to values reported for undisturbed tropical rain forest (Nicotra et al. 1999 , Montgomery 2004 Post-hurricane leaves At the undisturbed sites, A max in posthurricane leaves ranged from 2.60 to 4.54 µmol m -2 s -1 in trees of the non-pioneer species, similar to the range in pre-hurricane leaves. Pioneer species C. schreberiana had a significantly higher photosynthetic capacity and greater acclimation response than the non-pioneer species (P < 0.001, Figure 1 , Table 2). Light had significant effects on A max . When exposed to higher irradiances, post-hurricane leaves showed significant increases in A max in all species (Figure 1, Table 2 ). The stage differences were significant for all species. Saplings had higher A max than seedlings, except for C. schreberiana at undisturbed sites (P = 0.166). At the disturbed sites, saplings of the non-pioneer species achieved A max of 5. (Table 2) . Cecropia schreberiana had higher R d and LCP than the non-pioneer species (P < 0.001, Figure 1 ). Among the non-pioneers, D. excelsa had the highest R d and LCP (P < 0.003). Both R d and LCP increased after plants were exposed to higher irradiances following disturbance. Stage differences in R d and LCP were significant only for D. excelsa and plants of P. acuminata var. montana at disturbed sites (P < 0.047), with saplings having higher values than seedlings. The differences in IS of the light response curves were either not significant or small for all combinations of species, stage and light environment ( Figure 1 , Table 2 ).
Control of photosynthesis
Because only post-hurricane leaves showed significantly increased A max in response to the higher irradiance after distur-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Values are means ± SE of n = 6 replicates. Asterisks ( * ) indicate significant differences between disturbed and undisturbed sites; the letter "a" indicates significant differences between seedlings and saplings at disturbed sites; and the letter "b" indicates significant differences between seedlings and saplings at undisturbed sites. Significant differences were determined by Tukey's HSD test following a two-way analysis of variance (ANOVA). Arrows point to means used to separate environmental and ontogenetic components according to Cavender-Bares and Bazzaz (2000). bance, only data from post-hurricane leaves were included in the following analysis. In response to the increased irradiance following disturbance, g s increased in seedlings and saplings of all species (Figure 2 , Table 3 ). Increases in A max of plants were closely related to the increases in g s across light environments and stages within each species (r 2 = 0.44-0.88, P < 0.001). Non-pioneer species had lower g s than C. schreberiana (P < 0.001). In the high irradiances at the disturbed sites, g s of C. schreberiana was 0.978 mol m -2 s -1 for seedlings and 1.025 mol m -2 s -1 for saplings, whereas g s of non-pioneer species ranged from 0.123 to 0.216 mol m -2 s -1 . The stage difference was significant only for D. excelsa, with saplings having higher g s than seedlings (Figure 2 , Table 3 ).
Values of V cmax and J max were highly correlated (r 2 = 0.84-0.95, P < 0.001). Plants at disturbed sites had higher V cmax and J max than plants at undisturbed sites (Figure 2 , Table 3). Seedlings of all species had smaller increases in V cmax and J max than saplings when exposed to the higher irradiance. Seedlings had significantly lower V cmax and J max than saplings, especially in high light. On an area basis, A max was positively correlated with V cmax and J max across light environments and stages (A max -V cmax : r 2 = 0.67-0.93, P < 0.001, A max -J max : r 2 = 0.74-0.94, P < 0.001). When expressed on an N basis, neither V cmax,N nor J max,N differed between stages for any species, except that saplings of P. acuminata var. montana had lower J max,N than seedlings (Table 3 ). The effects of irradiance on V cmax,N and J max,N were either not significant or relatively small for the non-pioneer species. For C. schreberiana, V cmax,N and J max,N were higher at the disturbed sites than at the undisturbed sites, although the difference in V cmax,N of seedlings was not significant. Cecropia schreberiana had significantly higher V cmax and J max both per unit area and per unit N than the non-pioneer species (P < 0.001, Table 3 ), but the values did not differ significantly between the non-pioneer species.
The non-pioneer species had significantly higher LMA than C. schreberiana (P < 0.001, Table 3) , with values ranging from 15.59 to 39.76 g m -2 for C. schreberiana and from 37.56 to 96.55 g m -2 for the non-pioneers. In response to higher irradiances, LMA of seedlings and saplings of all species increased significantly. Saplings had significantly higher LMA than seedlings.
Light had a significant effect on PNUE for C. schreberiana ( Figure 3, Table 3 ), whereas differences in PNUE between the categories of light and stage were not statistically significant, or if significant, they were small. Generally, mass-based A max (A max,m ) showed a similar pattern of variation to that of PNUE, although there were a few discrepancies. Cecropia schreberiana had higher A max,m and PNUE than the non-pioneer species (P < 0.001).
Area-based A max was significantly correlated with LMA (r 2 = 0.56-0.74, P < 0.001) and area-based leaf N concentration (N a ) (r 2 = 0.61-0.78, P < 0.001) across light environments and stages. Correlations were closer in the pioneer species C. schreberiana than in non-pioneer species, as indicated by higher slopes and coefficients of determination. On a mass basis, the relationships were either not statistically significant or only weakly so (data not shown).
Components of photosynthetic adjustment
Species differed substantially in the ontogenetic fraction of the total variance in A max (Table 4 ). For C. schreberiana, the ontogenetic component was small and the environmentally induced change explained most of the variation. The non-pioneer species differed greatly in the fraction of variance in A max accounted for by ontogenetic change. Dacryodes excelsa had the highest ontogenetic component of variance among all species. For S. berteriana, the ontogenetic difference accounted for the smallest amount of variance in A max among the non-pioneer species, but it was still higher than for C. schreberiana.
For comparison with earlier studies, we used the approach of Cavender-Bares and Bazzaz (2000) SE of n = 6 replicates. Asterisks ( * ) indicate significant differences between disturbed and undisturbed sites; the letter "a" indicates significant differences between seedlings and saplings at dis turbed sites; and the letter "b" indicates significant differences between seedlings and saplings at undisturbed sites. Significant differences were determined by Tukey's HSD test following a two-way analysis of variance (ANOVA).
could be attributed to ontogeny, with the larger fraction due to the change in environment (Table 4) . For the two dicotyledonous non-pioneer species, the ontogenetic component was larger than the environmental component (Table 4) .
Discussion
Pre-hurricane leaves
Pre-hurricane leaves of the non-pioneer species had relatively low A max and R d at undisturbed sites and showed minor accli- Values are means ± SE of n = 6 replicates. Asterisks ( * ) indicate significant differences between disturbed and undisturbed sites; the letter "a" indicates significant differences between seedlings and saplings at disturbed sites; and the letter "b" indicates significant differences between seedlings and saplings at undisturbed sites. Significant differences were determined by Tukey's HSD test following a two-way analysis of variance (ANOVA). Kursar and Coley 1999) , and reflect a conservative strategy of resource use-long-lived leaves with low photosynthetic enzyme activities, and high investment in defense and storage (Kitajima 1994 , Chazdon et al. 1996 , Mcpherson and William 1998 , Poorter 2001 . Acclimation of shade leaves to high irradiance involves changes in leaf structure and biochemistry. Acclimation of leaves developed fully in shade has been observed in several tropical forest species (Turnbull et al. 1993, Kursar and Coley 1999) . However, pre-hurricane leaves of our non-pioneer study species showed little or no acclimation to light. Lack of acclimation to increased irradiance as observed in this and other studies (Newell et al. 1993 , Clearwater et al. 1999 ) may indicate early determination of structure and biochemistry during leaf development. Oguchi et al. (2003 Oguchi et al. ( , 2005 have shown that acclimation of A max to high irradiances in leaves developed in low light depends on the capacity of mesophyll cells to provide surface area for additional chloroplasts. In the late-successional temperate tree species Fagus crenata Blume, leaves developed in low light have little mesophyll cell surface to accommodate chloroplast enlargement, and leaf anatomy remains unchanged during light acclimation (Oguchi et al. 2005 ). An alternative explanation is that photoinhibition limits acclimation. Understory juvenile plants of tropical tree species suffer chronic photoinhibition when exposed to a sudden increase in irradiance, and the severity of inhibition depends on the species and the magnitude of exposure (gap size) (Clearwater et al. 1999 , Krause et al. 2001 , Houter and Pons 2005 . Measurements of fluorescence characteristics indicated that some chronic photoinhibition occurred in pre-hurricane leaves of plants at the disturbed sites (data not shown), suggesting that photosynthetic acclimation of pre-hurricane leaves might be limited by photoinhibition. Whatever the factors may be that limited photosynthetic acclimation of pre-hurricane leaves, it appears that acclimation of whole plants following hurricane disturbance relies mostly on new leaf production.
Post-hurricane leaves
Post-hurricane leaves of our study species showed significant photosynthetic acclimation to increased irradiance. Compared with C. schreberiana, the non-pioneer species had a much lower photosynthetic capacity and showed a greater restriction in acclimation response to increased irradiance (Figure 1 ), consistent with a generalized tradeoff between growth in high light and survival in low light (Fetcher et al. 1994 , Kitajima 1994 , Chazdon et al. 1996 , Tyree et al. 1998 , Poorter et al. 2003 , Kurokawa et al. 2004 , Shimizu et al. 2005 . Carboxylation efficiency (V cmax ) and J max measure the photosynthetic capacity controlled by leaf biochemistry (amount and efficiency of enzymes and other proteins) Farquhar 1981, Evans 1989) . Area-based V cmax and J max were positively correlated with area-based A max across light environments and stages, suggesting a role of leaf biochemistry in regulating photosynthesis, independent of stomatal control. In the non-pioneer species, the higher area-based A max in high light was achieved mainly by packing more leaf tissues per unit area, as indicated by increased LMA and the lack of corresponding changes in V cmax,N , J max,N and PNUE (Figure 3 , Table 3). The increases in LMA and leaf thickness may have increased the mesophyll space, allowing for additional chloroplasts (Oguchi et al. 2005) . In response to increased irradiance, the pioneer species C. schreberiana increased PNUE, V cmax,N and J max,N , indicating increased N allocation to photosynthetic enzymes. Changes in A max,m were generally consistent with other evidence (PNUE, V cmax,N J max,N ) that reflected photosynthetic acclimation. In the pioneer species Betula ermanii Cham., leaves that developed in low light had vacant space at the mesophyll cell surface, and following transfer to high irradiance, chloroplasts enlarged to fill the available space (Oguchi et al. 2005) . This change was associated with increased A max without thickening of the leaves (Oguchi et al. 2005) . It is unclear whether this mechanism is universal in pioneer species and can explain the increase in A max that we observed in C. schreberiana.
Environmentally induced and ontogenetic change
There is a vertical gradient of increasing irradiance in tropical rain forests (Kira and Yoda 1989 , Montgomery and Chazdon 2001 , Montgomery 2004 . The higher photosynthetic capacity and acclimation to light of saplings compared with seedlings in our study suggested that some regulation of leaf physiological and morphological traits occurred through ontogeny (Figure 1) . Hurricane disturbance resulted in similar changes in irradiance for both seedlings and saplings, and allowed us to separate the environmental and ontogenetic components of photosynthetic adjustment in plants naturally growing in the forest. The results of the variance analysis and the CavenderBares and Bazzaz (CBB) method were partly consistent: Dacryodes excelsa showed the largest fraction of photosynthetic adjustment attributable to ontogeny among all species. The results from the two methods differed most for S. berteriana. The variance analysis indicated that S. berteriana showed less ontogenetic change than P. acuminata var. montana, but the CBB method showed that S. berteriana had more ontogenetic change than P. acuminata var. montana and behaved similarly to D. excelsa. This discrepancy can be accounted for by two differences between the methods. First, the CBB method was based on information from only three of the treatments: seedlings at undisturbed sites, seedlings at disturbed sites and saplings at disturbed sites (see arrows in Figure 1) , whereas the variance analysis was based on information from saplings at undisturbed sites as well. Because A max of S. berteriana increased only slightly between seedlings and saplings measured at undisturbed sites, this resulted in a lower value for the ontogenetic fraction of total variance. When the term for the interaction of light and stage is significant, the results of variance analysis should be interpreted with caution. Second, the CBB method relied only on the mean value to compute the fraction without considering the effect of variations in the observations within groups. When the variation within groups is large and the variation between groups is small, the results of the CBB method might suggest that environment or ontogeny plays a large role in acclimation even though the effects we observed were not statistically significant.
Differences in the degree of change in A max that can be explained by ontogenetic regulation appear to reflect different life histories and light habitats of a species. Non-pioneer canopy tree species grow in low light as seedlings and display canopy leaves to full sun as adult trees, whereas pioneer species have leaves that develop in high light at both the seedling and adult stages. Compared with pioneer species, non-pioneer species are likely to experience greater vertical gradients in light environment over ontogeny. The greater fraction of ontogenetic regulation in the non-pioneer species is probably a reflection of this difference. Because we examined only one pioneer species, it remains to be seen whether a general pattern of ontogenetic regulation among species will emerge.
Mechanism of ontogenetic regulation
We conclude that ontogenetic regulation of leaf physiology relies mainly on changes in leaf morphology (LMA) in all the species studied, because LMA increased from seedlings to saplings in parallel with changes in A max (Figure 1 , Tables 2  and 3) , whereas V cmax,N , J max,N , PNUE and A max,m showed no corresponding changes (Figure 3 , Table 3 ). The lack of ontogenetic adjustment in leaf biochemistry may reflect ontogenetic stability of these traits resulting from a rigid scheme of N allocation that allows no increase in amounts of photosynthetic enzymes. Alternatively, mesophyll cells may be unable to provide space at the cell surface for additional chloroplasts and additional photosynthetic enzymes without increasing leaf thickness during ontogeny (Oguchi et al. 2005) . Consistency of photosynthetic characteristics over ontogeny of tropical rain forest tree species is indicated by the observation that A max,m of juvenile plants across species is positively correlated with asymptotic height (indicating the irradiance of the adult niche) as well as with irradiance of the regeneration niche Bazzaz 1999, Poorter 2007) . The increase in LMA and leaf thickness is an important mechanism for increasing mesophyll cell surface area and accommodating more chloroplasts along the exposed mesophyll cell surface (Oguchi et al. 2005) .
That saplings show a greater increase in leaf thickness and LMA in response to increased irradiance than do seedlings appears to be an adaptation to the vertical gradient of increasing irradiance in tropical rain forests (Montgomery and Chazdon 2001, Montgomery 2004) . The increase in irradiance associated with increase in plant height between the seedling and sapling stages, although small, is critical to the ability of understory plants to acquire the carbon and energy to construct and maintain the enlarged woody structures required to support heavier leaves (King 1999 , Niinemets et al. 2006 , 2007 . It is likely that the rate of gap formation is greater at sapling height than at seedling height in the rain forest (Poorter et al. 2005) . The potential to produce thicker leaves with higher A max should enable juvenile plants to exploit sunflecks and high light resources in a gap (Chazdon et al. 1996) . The majority of the species in a lowland evergreen forest in Liberia have a height-light trajectory that follows the vertical light profile in the forest canopy (Poorter et al. 2005) .
However, there are many canopy species whose ontogenetic pattern of microsite occupancy does not follow the vertical profile of increasing irradiance in the tropical rain forest Clark 1992, Poorter et al. 2005) , suggesting that ontogenetic changes in leaf thickness and A max are not the only mechanisms that determine the success of juveniles of canopy rainforest species. Shade-tolerant species have long-lived leaves that persist in low light, especially in plants beyond the seedling stage (Lusk 2002 , Lusk 2004 . Microsite occupancy by canopy species at different stages depends on a complex interaction between chance events, including location of seeds and canopy gaps and species differences in light requirements for growth and survival. In a lowland evergreen forest, nine height-light trajectories were identified among 47 tree species over the ontogeny from the juvenile to adult stage (Poorter et al. 2005) .
We offer three reasons why ontogenetic differences in leaf traits may be associated with ontogenetic changes in wholeplant structure and function. First, as plants grow in height, hydraulic resistance increases as a result of increased hydraulic path length and gravitational potential. Taller individuals often compensate for increased hydraulic resistance by reducing the ratio of leaf area to sapwood area (A l :A s ) and increasing leaf structural and nonstructural carbon (McDowell et al. 2002) . Increases in LMA and leaf thickness from the seedling to sapling stage have been linked to this compensatory effect (A l is reduced as a result of reduced specific leaf area), for the purpose of maintaining g s (McDowell et al. 2002) . In our study, Dacryodes excelsa showed a significant increase in g s from the seedling to sapling stage, and the other study species tended to maintain a higher g s at the sapling stage (Figure 2) . Maherali et al. (1997) concluded that g s is positively correlated with leafspecific hydraulic conductivity, because both factors increased with sapling size in two Acer species in a temperate forest.
Second, for the pioneer species C. schreberiana, both seedlings and saplings had high g s at the disturbed sites and a relatively slight stomatal limitation on photosynthesis during light acclimation, a response likely facilitated by the architecture of pioneer species in high light: small crown, low-density wood, high hydraulic conductivity of wood tissues, and a large ratio of root surface area to leaf area (Tyree et al. 1998 , Shimizu et al. 2005 ). In the rain forest understory, selection favors traits for survival in low light; besides investment in long-lived leaves and durable leaf tissues (Kitajima 1994) , late-successional species have a relatively high investment in mechanical support, including high-density wood and highly branched crowns to increase efficiency of light capture (van Gelder et al. 2006, Takahashi and Rustandi 2006) . The lack of an ontogenetic increase (or a small increase) in g s in the non-pioneer species studied may reflect a constraint on hydraulic conductivity imposed by the selection pressure for efficient light capture in low irradiances and mechanical stability (Santiago et al. 2004) .
Third, at the whole-plant level, acclimation to high light re-quires investment in vascular tissues and root systems for hydraulic and mechanical supports (Sack et al. 2005 , Shimizu et al. 2005 , Sack and Frole 2006 . Saplings may have greater carbon reserves than seedlings, which can be allocated to structures able to support leaves with larger LMA. Increased LMA increases light-and water-use efficiency in high irradiance (Chazdon et al. 1996 , Shimizu et al. 2005 .
Implications for plant success
Net assimilation rate is important to plant growth in intermediate to high light (Poorter 1999 , Bloor and Grubb 2003 . Differences among species in photosynthetic acclimation to changes in resources following hurricane disturbance can have implications for forest recovery and the reorganization of species composition. Hurricane disturbance creates gaps of varying size and adds large amounts of mineral nutrients to the soil through litter input. The high capacity for acclimation of net assimilation rate in C. schreberiana likely contributed to its rapid growth in response to increased irradiance following hurricane disturbance (Brokaw 1998 , Poorter 1999 , Walker et al. 2003 . The abundant soil seed bank also facilitates rapid establishment of C. schreberiana seedlings in gaps. Quick establishment and rapid growth are important for regeneration of trees in gaps because understory plants may invade and shade the gap, shortly after disturbance Fetcher 1991, Montgomery 2004 ). The previous observation that C. schreberiana is unable to persist in low light and requires large gaps with sufficiently long gap durations to regenerate (Brokaw 1998 , Walker 2000 may be explained, in part, by its high R d . Hurricane disturbance often affects a relatively large area and thus may be important in maintaining the composition of C. schreberiana in the LEF (Brokaw 1998 , Walker 2000 . Although non-pioneer species benefit less than pioneers from large gaps created by hurricanes, the increase in irradiance due to defoliation, creation of small gaps and gap edges should enhance the carbon gain and growth of juvenile plants. Saplings likely benefit more than seedlings given their greater photosynthetic capacity and ability to acclimate to increased irradiance. Increases in density, growth and advance regeneration following disturbance have been observed in juvenile plants of the non-pioneer species in the LEF (Walker et al. 2003) . The higher photosynthetic capacity and acclimation to high light in saplings than in seedlings may help explain the size-related increases in growth of non-pioneer species in tropical rain forests (Clark and Clark 2001) . The relatively high R d of D. excelsa saplings suggests that this species needs larger canopy openings to grow in the later juvenile stages compared with the other non-pioneer species we studied.
